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HIGHLIGHTS 


•  Hexagonal  ZnIn2S4  nanocrystalline  thin  films  are  deposited  by  spin-coating  method. 

•  ZnO  and  In(OH)3  are  dissolved  by  thioacetic  acid  in  precursor  solution. 

•  ZnIn2S4  nanocrystals  preferentially  grow  along  c-axis  via  annealing  in  S  vapor. 

•  ZnIn2S4  films  show  pronounced  photoelectrochemical  response  under  visible  light. 
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Hexagonal  phase  ZnIn2S4  nanocrystalline  thin  films  are  deposited  by  spin-coating  method  using  an  air- 
stable  precursor  solution.  In  the  process,  metal  oxide  and  hydroxide  are  used  as  Zn  and  In  sources  to 
avoid  the  introduction  of  any  anion  impurity  in  ZnIn2S4  thin  films.  The  rod-like  nanocrystalline  grains 
with  width  and  length  about  13  ±  3  nm  and  26  ±  5  nm  grow  along  c-axis  after  annealing  in  sulfur  vapor 
at  500  °C  for  2  h.  Smooth  and  compact  thin  films  with  different  In/Zn  ratios  are  fabricated  by  controlling 
the  ratio  of  two  metal  sources  in  precursor  solution.  The  flat-band  potentials  of  these  n-type  ZnIn2S4  thin 
films  are  in  the  range  of  -0.55  to  -0.45  V  vs.  normal  hydrogen  electrode.  The  photoelectrochemical 
measurement  demonstrates  the  excellent  visible  light  response  of  ZnIn2S4  thin  films.  The  light  current 
under  visible  light  illumination  occupies  almost  60%  of  the  light  current  under  full  spectrum  illumina¬ 
tion.  The  facile  solution-based  method  provides  a  novel  thought  to  fabricate  high-quality  thin  films  of 
multi  metal  chalcogenides  with  excellent  photoelectric  properties  via  solving  the  other  metal  oxide  and 
hydroxide  in  the  solution. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

As  an  important  semiconductor  material  of  ternary  chalcogen¬ 
ides,  ZnIn2S4  has  attracted  lots  of  attention  because  of  its  consid¬ 
erable  chemical  stability,  environmental  benign  and  suitable  band 
gap  for  visible  light  response  [1].  Meanwhile,  ZnIn2S4  is  the  only 
member  of  AB2S4  family  semiconductors  with  a  layer  structure,  and 
has  great  potential  applications  in  charge  storage  [2  ,  thermoelec¬ 
tricity  [3],  photocatalysis  [4],  hydrogen  production  [5],  solar  cell,  [6] 
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photodetector  [7]  and  so  on.  Various  ZnIn2S4  nanostructures  and 
microstructures,  for  example,  nanoplate  [8],  nanotube,  nanoribbon 
[9],  nanowire  [10],  submicrosphere  [11],  flower-like  microsphere 
[12],  have  been  successfully  fabricated  by  numerous  methods.  Even 
so,  fabrication  of  nanostructured  ZnIn2S4  thin  films  is  still  a  great 
challenge,  which  limits  their  applications  in  thin  film-based  pho¬ 
toelectric  devices.  The  reports  on  direct  deposition  ZnIn2S4  thin 
films  from  physical  and  chemical  methods  are  limited.  The  physical 
methods  include  single-source  MOCVD  13],  successive  ionic  layer 
adsorption  and  reaction  (SILAR)  technique  [14]  and  magnetron 
sputtering  6],  which  are  high-cost  due  to  the  use  of  expensive 
equipment.  Deposition  of  ZnIn2S4  thin  films  via  chemical  solution 
methods  has  got  increasing  attention  in  recent  years.  ZnIn2S4 
perpendicular  nanosheet  films  are  directly  deposited  on  FTO  sub¬ 
strates  by  a  facile  hydrothermal  method  [15].  Chemical  bath 
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deposition  (CBD)  method  is  used  to  prepare  Zn-In— S  film  elec¬ 
trodes  [16]  and  Cu-doped  ZnIn2S4  films  [17].  ZnIn2S4  film  was 
fabricated  on  Ti  substrate  by  a  two-step  approach  including  elec¬ 
trodeposition  and  annealing  [18]. 

The  special  morphology  and  orientation  of  thin  films  play  an 
important  role  in  improving  the  photoelectric  properties  of  thin 
film  [19].  Otherwise,  there  are  few  investigations  on  ZnIn2S4  thin 
films  with  special  morphology  and  preferred  growth.  Herein,  a 
non-vacuum  solution-based  method  is  presented  to  deposit  hex¬ 
agonal  phase  ZnIn2S4  nanocrystalline  thin  films.  Air-stable  precur¬ 
sor  solution  is  prepared  by  dissolution  of  ZnO  and  In(OH)3  in 
thioacetic  acid-based  solution  [20,21],  avoiding  the  introduction  of 
any  anion  impurity  in  ZnIn2S4  thin  films.  The  ZnIn2S4  nanocrystals 
are  formed  and  grow  along  c-axis  via  annealing  in  S  vapor,  resulting 
in  the  formation  of  well  crystalline  ZnIn2S4  thin  films.  The  element 
contents,  crystal  structure,  morphology  and  optical  properties  of 
ZnIn2S4  thin  films  with  different  In/Zn  ratios  are  investigated. 
Furthermore,  the  ZnIn2S4  thin  films  exhibit  pronounced  light  cur¬ 
rent  response  under  visible  light  illumination  in  photo¬ 
electrochemical  measurement.  The  facile  solution-based  method 
provides  a  novel  thought  to  fabricate  high-quality  thin  films  of 
multi  metal  chalcogenides  with  excellent  photoelectric  properties 
via  solving  the  other  metal  oxide  and  hydroxide  in  the  solution. 

2.  Experimental 

2.1.  Preparation  of  precursor  solution 

All  chemicals  were  used  as  received  without  further  purifica¬ 
tion.  Precursor  solutions  with  In/Zn  ratios  of  2,  2.5  and  3  were 
prepared.  In  a  typical  preparation  of  precursor  solution,  0.5  mmol 
zinc  (II)  oxide  (ZnO,  analytical  grade),  1  mmol,  1.25  mmol  or 

1.5  mmol  indium  (III)  hydroxide  (In(OH)3,  98%)  (namely  In/Zn  =  2, 

2.5  or  3)  were  added  to  a  mixture  solvent  of  4  mL  ethanol  (C2H6O, 
analytical  grade),  1  mL  propylene  glycol  (C3H802,  analytical  grade) 
and  2  mL  thioacetic  acid  (CH3COSH,  93%).  After  stirring  for  5  min, 
ammonia  was  added  into  the  white  suspension  under  continuous 
stirring  at  room  temperature  until  a  light  yellow,  clear  precursor 
solution  was  obtained.  ZnIn2S4  thin  films  deposited  from  different 
precursor  solutions  were  labeled  as  ZIS-X  (X  =  In/Zn  ratio  in  pre¬ 
cursor  solution). 

2.2.  Deposition  of  ZnIn2S4  thin  films 

The  ZnIn3S4  thin  films  were  deposited  on  fluorine-doped  tin 
oxide  (FTO)  transparent  conducting  glass  substrates  via  spin¬ 
coating  method  from  the  as-prepared  precursor  solution.  Each 
layer  was  spin-coated  with  1500  rpm  for  20  s  and  subsequently 
dried  on  a  300  °C  heating  plate  for  1  min  to  evaporate  the  organic 
solvents.  The  processes  were  repeated  6  times.  Finally,  the  crys¬ 
talline  ZnIn3S4  thin  films  were  obtained  through  sulfuration  in  S 
vapor  at  500  °C  for  0.5-2  h. 

2.3.  Characterization 

The  In/Zn  ratios  in  ZnIn2S4  thin  films  were  measured  by  electron 
probe  microanalysis  (EPMA  JXA-8100)  at  an  accelerating  voltage  of 
20  kV.  The  crystallization  and  phase  identification  of  the  ZnIn2S4 
thin  films  were  performed  by  X-ray  diffraction  (XRD  Bruker  D8 
Focus)  with  a  monochromatized  source  of  Cu  Keel  radiation 
(A  =  0.15,405  nm)  at  1.6  kW  (40  kV,  40  mA).  Raman  spectra  were 
collected  on  a  Thermal  Dispersive  Spectrometer  using  a  laser  with 
an  excitation  wavelength  of  532  nm  at  laser  power  of  10  mW.  Low 
and  high-resolution  transmission  electron  microscopy  (TEM)  im¬ 
ages  were  taken  on  a  JEOLJEM-2100F  at  an  accelerating  voltage  of 


200  kV.  Top-view  and  cross-sectional  field  emission  scanning 
electron  microscopy  (FESEM)  images  were  taken  on  JEOL  JSM- 
6400F  microscope.  UV-Vis  absorbance  spectrums  were  recorded 
on  a  Hitachi  U-3010  spectrophotometer  with  a  scanning  velocity  of 
300  nm  min-1.  The  electrochemical  impedance  measurements 
were  performed  in  a  typical  three-electrode  potentiostat  system 
(Parstat  2773),  in  which  the  ZnIn2S4  thin  film  on  FTO  substrate,  a  Pt 
wire  and  an  Ag/AgCl  electrode  were  used  as  the  working,  counter 
and  reference  electrodes,  respectively.  A  0.25  M  Na2S  aqueous  so¬ 
lution  (pH  =  13.5)  was  used  as  the  supporting  electrolyte  to 
maintain  the  stability  of  films.  Photoelectrochemical  (PEC)  mea¬ 
surements  were  performed  in  the  same  three-electrode  potentio¬ 
stat  system.  A  solar  simulator  (AM  1.5)  with  a  power  of 
100  mW  cm-2  was  used  as  the  illumination  source.  The  visible  light 
PEC  response  was  measured  under  the  same  solar  simulator  cut  off 
by  a  400  nm  filter.  Photocurrent  ON/OFF  cycles  were  measured 
using  the  same  electrochemical  workstation  coupled  with  a  me¬ 
chanical  chopper. 

3.  Results  and  discussion 

EPMA  is  performed  to  verify  the  In/Zn  ratio  in  ZnIn2S4  thin  films. 
Fig.  la  shows  the  In/Zn  ratios  of  ZIS-2.5  with  different  annealing 
times.  The  In/Zn  ratio  drops  from  2.5  in  precursor  solution  to  1.93  in 
thin  film  after  depositing  via  spin-coating  process.  The  loss  of  In 
may  be  caused  by  volatilization  of  In-organic  species  in  precursor 
solution  during  the  spin-coating  process  [22].  Then  In/Zn  ratios 
almost  maintain  around  1.95  after  annealing  for  different  times, 
indicating  no  loss  of  In  during  annealing  process.  The  loss  of  In  can 
be  found  in  three  samples  after  annealing  for  2  h,  as  shown  in 
Fig.  lb.  The  In/Zn  ratios  of  annealed  ZnIn2S4  thin  films  are  nearly 
linear  with  that  of  precursor  solutions,  implying  the  In/Zn  ratios  in 
ZnIn2S4  thin  films  could  be  effectively  adjusted  by  controlling  the 
metal  source  components  in  precursor  solution.  So  ZIS-2,  ZIS-2.5 
and  ZIS-3  are  In-poor,  stoichiometric  and  Zn-poor  ZnIn2S4  thin 
films,  respectively. 

The  phase  and  purity  of  ZnIn2S4  thin  films  are  determined  by 
XRD.  As  shown  in  Fig.  2a,  no  characteristic  peak  of  ZnIn2S4  is 
observed  in  the  XRD  pattern  of  ZIS-2.5  raw  film,  indicating  the 
amorphous  phase  before  annealing.  After  annealing  for  0.5  h,  one 
weak  and  board  peak  are  observed  at  21.9°,  and  the  peak  intensity 
enhances  with  annealing  time  increasing  from  0.5  h  to  2  h.  In 
addition,  another  peak  at  7.2°  is  found  after  annealing  for  1  h.  These 
two  peaks  at  7.2°  and  21.9°  can  be  indexed  to  the  planes  (002)  and 
(006)  of  hexagonal  phase  of  ZnIn2S4  (JCPDS  no.  72-0773).  Of  note, 
no  other  characteristic  peak  of  hexagonal  phase  is  observed  even 
annealing  for  2  h,  which  implies  the  preferred  growth  along  c-axis 
ofZnIn2S4  during  annealing  process.  According  to  Scherrer  formula 
(d  =  0.89 A/B  cos  6,  where  d,  A,  B ,  and  6  are  crystallite  size,  Cu  Kal 


Fig.  1.  (a)  The  In/Zn  ratio  of  ZIS-2.5  with  different  annealing  times  and  (b)  In/Zn  ratio 
in  ZnIn2S4  thin  films  after  annealing  for  2  h  as  a  function  of  In/Zn  ratio  in  precursor 
solutions. 
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Fig.  2.  XRD  patterns  of  (a)  ZIS-2.5  with  different  annealing  times  and  (b)  ZnIn2S4  thin 
films  with  different  In/Zn  ratios  after  annealing  for  2  h.  Inset  shows  the  details  of  XRD 
patterns  around  20.5°  and  23.5°  26  values.  JCPDS  files:  ZnIn2S4  (72-0773),  Sn02  (77- 
0452). 

wavelength,  full  width  at  half-maximum  intensity  (FWHM)  in  ra¬ 
dians  and  Bragg’s  diffraction  angle,  respectively),  the  nanocrystal¬ 
line  size  with  annealing  times  of  0.5  h,  1  h  and  2  h  are  calculated  to 
be  12.5  nm,  14.5  nm  and  14.7  nm,  respectively.  Otherwise,  similar 
XRD  patterns  can  be  observed  from  ZnIn2S4  thin  films  with 
different  In/Zn  ratios  (Fig.  2b),  demonstrating  the  preferred  growth 
of  the  nanocrystal  would  not  be  hampered  in  Zn-poor  or  In-poor 
samples.  The  relatively  low  peak  intensity  of  ZIS-2  and  ZIS-3 
comparing  with  ZIS-2.5  may  be  caused  by  lattice  defect  in  Zn- 
poor  or  In-poor  thin  films.  The  diffraction  peaks  shift  to  lower 
theta  value  with  the  increase  of  In  content  because  of  the  larger 
radius  of  In3+  (0.81  A)  compared  to  that  of  Zn2+  (0.74  A),  which  also 
indicating  that  the  metal  ions  were  located  at  crystal  lattice  points. 

Raman  spectroscopy  is  used  to  obtain  more  information  about 
the  crystal  structure  of  ZnIn2S4  thin  films.  Fig.  3a  shows  the  Raman 
spectra  of  ZIS-2.5  thin  films  with  different  annealing  times.  As  for 
ZnIn2S4  thin  film  before  annealing,  only  one  small  peak  around 
355  cm-1  is  found.  Three  Raman  peaks  around  248,  308  and 
355  cm-1  in  the  spectra  of  annealed  thin  films  are  typical  molecular 
vibration  of  ZnIn2S4,  which  can  be  assigned  to  the  longitudinal 
optical  mode  (LOi),  transverse  optical  mode  (T02)  and  longitudinal 
optical  mode  (L02)  of  ZnIn2S4  crystal,  respectively  [12,23].  The 
Raman  spectra  can  further  verify  the  formation  of  ZnIn2S4  phase.  As 
shown  in  Fig.  3b,  the  three  peaks  are  also  observed  for  ZIS-2  and 
ZIS-3  annealing  for  2  h.  Flowever,  the  relatively  low  intensity  of 
Raman  peaks  of  ZIS-2  and  ZIS-3  samples  compared  to  that  of  ZIS- 
2.5  may  be  resulted  from  the  lattice  distortion  caused  by  element 
stoichiometry  deviation,  which  is  agreed  with  the  XRD  results.  No 
peak  of  impurity  is  detected  in  both  XRD  and  Raman  spectroscopy, 
indicating  the  pure  phase  of  ZnIn2S4  thin  films. 

More  detailed  structural  information  of  ZnIn2S4  thin  films  is 
revealed  via  TEM  and  HRTEM.  The  TEM  image  of  ZIS-2.5  annealed 
for  2  h  is  showed  in  Fig.  4a,  which  indicates  that  the  thin  films 
consisted  of  rod-like  ZnIn2S4  nanocrystal.  The  preferred  growth  of 


Fig.  3.  Raman  spectra  of  (a)  ZIS-2.5  with  different  annealing  times  and  (b)  ZnIn2S4  thin 
films  with  different  In/Zn  ratios  after  annealing  for  2  h. 


the  ZnIn2S4  nanocrystal  can  be  observed  in  TEM  image.  The  width 
and  length  of  the  nanorods  are  about  13  ±  3  nm  and  26  ±  5  nm, 
respectively.  A  representative  HRTEM  image  shows  clear  lattice 
fringes  with  interplanar  spacings  of  0.414  nm  for  the  (006)  plane  of 
hexagonal  phase  ZnIn2S4,  as  illustrated  in  Fig.  4b.  The  TEM  and 
HRTEM  images  also  indicate  the  preferred  growth  along  c-axis. 
Both  the  grain  size  and  preferred  growth  of  ZnIn2S4  nanocrystal 
accord  with  the  XRD  results. 

The  cross-sectional  and  top-view  morphology  of  ZnIn2S4  thin 
films  are  investigated  by  FESEM.  The  cross-sectional  FESEM  images 
of  ZIS-2.5  with  different  annealing  times  are  displayed  in  Fig.  5a-d. 
The  thin  film  before  annealing  looks  like  amorphous  without 
observation  of  any  grain  (Fig.  5a),  while  nanocrystal  small  than 
10  nm  is  formed  after  annealing  for  0.5  h  (Fig.  5b).  However,  the 
growth  of  grain  is  not  noteworthy  with  prolonged  annealing  time, 
implying  the  grain  is  hard  to  grow  through  sulfuration  in  S  vapor  at 
500  °C.  It  is  hard  to  distinguish  the  grain  boundary  of  a  single 
nanocrystal  due  to  the  denser  stacking  of  nanocrystals,  as  shown  in 
Fig.  5d.  It  is  similar  for  the  ZIS-2  and  ZIS-3  samples  annealed  for  2  h, 
while  the  grain  size  is  a  little  larger  than  ZIS-2.5  sample,  showed  in 
Fig.  5e  and  f.  As  seen  in  Fig.  SI,  the  top-view  morphology  of  ZIS-2.5 
is  more  and  more  recognizable  with  increasing  annealing  time 
(Figs.  Sla-Slc),  the  same  as  cross-sectional  morphology.  Other¬ 
wise,  some  hexagonal  grain  can  be  observed  from  ZIS-2.5  but  not 
from  ZIS-2  and  ZIS-3  after  annealing  for  2  h  (Figs.  Sld-Slf).  All  the 
thin  films  are  smooth  and  compact  without  any  crack  or  void. 

The  optical  properties  of  the  ZnIn2S4  thin  films  are  characterized 
by  UV-Vis  absorbance  spectrums.  All  ZIS-2.5  samples  have  a  steep 
absorption  edge  and  the  absorption  onsets  locate  around  500  nm, 
indicating  the  photoresponse  in  visible  light  region  (Fig.  S2).  There 
is  hardly  any  change  of  the  absorption  edge  with  increasing 
annealing  time.  Although  the  nanocrystal  size  is  very  small,  no 
quantum  size  effect  is  observed  in  ZnIn2S4  thin  films  [8].  On  the 
other  hand,  the  band  gap  Eg  can  be  adjusted  by  controlling  the  In/Zn 
ratio  in  thin  films  and  the  absorption  edge  is  red-shifted  with 
increasing  In  content  in  ZnIn2S4  thin  films,  as  shown  in  Fig.  6.  The 
ZnIn2S4  is  a  direct  band  gap  material,  following  the  formula 
( ahv )2  =A(hv  -  Eg).  The  plots  of  the  (ahv)2  vs.  photon  energy  (hv)  of 
ZnIn2S4  are  obtained  (inset  of  Fig.  6).  Extrapolating  this  line  to  the 
photon  energy  axis,  the  band  gaps  of  ZnIn2S4  thin  films  are  esti¬ 
mated  to  be  2.95,  2.80  and  2.64  eV  for  ZIS-2,  ZIS-2.5  and  ZIS-3, 
respectively. 

The  electrochemical  impedance  measurements  of  ZnIn2S4  thin 
films  are  measured  in  0.25  M  Na2S  aqueous  solution,  as  shown  in 
Fig.  7a.  All  the  thin  films  show  a  positive  slope  in  the  Mott- 
Schottky  plots,  as  expected  for  n-type  semiconductor.  The  values  of 
flat-band  potential  in  0.25  M  Na2S  aqueous  solution  are  evaluated 
to  be  -1.54,  -1.44  and  -1.47  V  vs.  Ag/AgCl  electrode  for  ZIS-2,  ZIS- 
2.5  and  ZIS-3  annealed  for  2  h,  respectively.  The  flat-band  potentials 
are  converted  to  the  normal  hydrogen  electrode  (NHE)  by  using 
[24] 

E( NHE)  =  E(Ag/AgCl)  +  0.197  +  0.059  x  pH, 

and  are  calculated  to  be  -0.55,  -0.45  and  -0.48  V  vs.  NHE  for  ZIS-2, 
ZIS-2.5  and  ZIS-3,  respectively.  It  is  generally  believed  that  the 
bottom  of  the  conduction  band  in  many  n-type  semiconductors  is 
more  negative  by  ~0.1  V  than  the  flat-band  potential  [25].  So  the 
conduction  bands  can  be  estimated  to  be  -0.65,  -0.55  and  -0.58  V 
vs.  NHE  for  ZIS-2,  ZIS-2.5  and  ZIS-3,  respectively.  Because  the 
conduction  bands  of  these  samples  are  more  negative  than  NHE, 
they  are  thermodynamically  permissible  for  hydrogen  production 
without  any  applied  voltage.  On  the  other  hand,  carrier  density  is 
inversely  proportional  to  the  slope  of  Mott-Schottky  plot  [26].  The 
ZIS-2  shows  a  smaller  slope  of  Mott-Schottky  plot  than  the  other 
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Fig.  4.  (a)  TEM  and  (b)  HRTEM  images  of  rod-like  ZnIn2S4  nanocrystal  in  ZIS-2.5  annealed  for  2  h. 
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Fig.  5.  Cross-sectional  FESEM  images  of  ZnIn2S4  thin  films  with  different  annealing  times  and  In/Zn  ratios  (a)  ZIS-2.5  annealed  for  0  h,  (b)  ZIS-2.5  annealed  for  0.5  h,  (c)  ZIS-2.5 
annealed  for  1  h,  (d)  ZIS-2.5  annealed  for  2  h,  (e)  ZIS-2  annealed  for  2  h  and  (f)  ZIS-3  annealed  for  2  h  (scale  bar  1  jam). 


two  samples,  suggesting  the  higher  carrier  density.  The  slopes  of 
ZIS-2.5  and  ZIS-3  are  almost  the  same,  meaning  that  these  two 
samples  had  similar  carrier  density. 

The  performance  of  the  ZnIn2S4  thin  films  in  solar  energy  con¬ 
version  is  examined  by  PEC  measurement.  Fig.  7b  shows  the  typical 


chopped  current  density  (J)  vs.  applied  potential  (E)  measurements 
under  visible  light  illumination  (simulated  solar  light  illumination 
cut  off  by  a  400  nm  filter)  for  all  three  samples  with  applied  po¬ 
tentials  in  the  range  from  -1.3  to  0.6  V  vs.  an  Ag/AgCl  electrode  in 
0.25  M  Na2S  aqueous  solution.  ZIS-3  achieves  the  highest  light 
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Wavelength  (nm) 

Fig.  6.  UV-Vis  absorbance  spectrums  of  ZnIn2S4  thin  films  with  different  In/Zn  ratios 
after  annealing  for  2  h.  Inset  shows  the  Eg  derived  from  ( ahv )2  -  hv  curves. 


Applied  Potential  (V  vs.  Ag/AgCl) 


Applied  Potential  (V  vs.  Ag/AgCl) 


Fig.  7.  (a)  Mott-Schottky  plots  of  ZnIn2S4  thin  films  with  different  In/Zn  ratios 
collected  at  a  frequency  of  5  kHz  in  the  dark,  (b)  Chopped  J—V  curves  of  ZnIn2S4  thin 
films  annealed  for  2  h  with  different  In/Zn  ratios  under  simulated  solar  light  (AM  1.5) 
illumination  cut  off  by  a  400  nm  filter  in  0.25  M  Na2S  electrolyte. 


current  density  (0.27  mA  cm-2)  because  of  its  smallest  Eg,  which 
can  utilize  more  visible  light  to  produce  photo-generated  carrier. 
Although  the  Eg  of  ZIS-2.5  is  smaller  than  that  of  ZIS-2,  the  higher 
carrier  density  of  ZIS-2  may  contribute  to  light  current  as  the 
dominant  sector,  which  results  in  the  slight  higher  light  current 
density  contrast  to  ZIS-2.5.  The  result  of  PEC  measurement  changes 
under  simulated  solar  light  illumination,  as  shown  in  Fig.  S3.  ZIS-2 
gets  the  highest  light  current  density  thanks  to  the  higher  carrier 
density.  Given  ZIS-2.5  and  ZIS-3  have  the  similar  carrier  density,  the 
higher  light  current  density  of  ZIS-3  comparing  with  that  of  ZIS-2.5 
should  be  owing  to  the  utilization  of  more  light  because  of  the 
smaller  Eg  of  ZIS-3.  What’s  more,  the  visible  light  current  occupies 
nearly  60%  of  the  full  spectrum  light  current,  indicating  the  excel¬ 
lent  visible  light  response  of  the  ZnIn2S4  thin  films. 

4.  Conclusion 

Hexagonal  phase  ZnIn2S4  nanocrystalline  thin  films  are  suc¬ 
cessfully  deposited  by  a  solution  method  using  spin-coating  and 
annealing  process.  Precursor  solution  is  prepared  by  dissolution  of 
ZnO  and  In(OH)3  in  thioacetic  acid-based  solution,  avoiding  the 
introduction  of  any  anion  impurity.  The  In/Zn  ratio  in  ZnIn2S4  thin 
film  can  be  effectively  adjusted  by  controlling  the  metal  source 
components  in  precursor  solution.  The  hexagonal  ZnIn2S4  with 
different  In/Zn  ratios  grow  along  c-axis  after  annealing  in  S  vapor  at 
500  °C,  resulting  in  the  formation  of  rod-like  nanocrystal.  The  grain 
is  difficult  to  grow  with  prolonged  annealing  time,  and  the  width 
and  length  of  nanocrystal  are  about  13  ±  3  nm  and  26  ±  5  nm  after 
annealing  for  2  h.  The  conduction  bands  of  ZnIn2S4  thin  films 
derived  from  Mott— Schottky  plots  are  more  negative  than  NHE, 
implying  they  are  thermodynamically  permissible  for  hydrogen 


production  without  any  applied  voltage.  ZIS-3  gets  the  highest  light 
current  under  visible  light  illumination  owing  to  the  utilization  of 
more  visible  light  because  of  the  smallest  Eg  of  ZIS-3,  while  the 
achievement  of  highest  light  current  under  full  spectrum  illumi¬ 
nation  by  ZIS-2  should  be  ascribing  to  its  higher  carrier  density.  The 
light  current  under  visible  light  illumination  occupies  almost  60%  of 
the  light  current  under  full  spectrum  illumination,  indicating  the 
excellent  visible  light  response  of  the  ZnIn2S4  thin  films.  What’s 
more,  many  other  high-quality  thin  films  of  multi  metal  chalco- 
genides  can  be  fabricated  by  this  facile  solution-based  method  via 
solving  other  metal  oxides  and  hydroxides  in  the  solution. 
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